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According to present cosmological views the energy density of CMB (Cosmic Microwave Background) photons, freely
propagating through the expanding cosmos, varies proportional to 1/S 4 with S being the scale factor of the universe. This
behavior is expected, because General Theory of Relativity, in application to FLRW- (Friedmann-Lemaitre-Robertson-
Walker) cosmological universes, leads to the conclusion that the photon wavelengths increase during their free passage
through the spacetime metrics of the universe by the same factor as does the scale factor S . This appears to be a reasonable
explanation for the presently observed Planckian CMB spectrum with its actual temperature of about 2.7 K, while at the
time of its origin after the last scattering during the recombination phase its temperature should have been about 3000 K,
at an epoch of about 380 ky after the Big Bang, when the scale of the universe S r was smaller by roughly a factor of
S/S r = 1+ zr = 1100 compared to the present scale S = S 0 of the universe. In this paper we start from putting the question
whether the scale-behavior of the CMB energy density that enters the energy-momentum tensor of the field equations
describing the expanding universe is really falling off like S −4 and, if in fact a deviation from a behavior according to S −4
would occur, why do we nevertheless presently observe a CMB energy density which appears to be in accordance with
such a S −4-scaling? This question arises from another basic and fundamental question, namely: Can we really assume
that the wavelength of the freely propagating photon during its travel all the way along its light geodetic is permanently
affected by the expansion of the universe, i.e continuously recognizes the expansion of the cosmic scale S ? With other
words: Do freely propagating photons really undergo a permanent change of their wavelengths when freely traveling
through cosmic space-time or is the observationally apparent energy loss of cosmologically red-shifted photons an effect
which only occurs just in the moment of photon registration at some specific world point? If the latter would prove to be
true, then it would mean that the energy density of freely propagating, non-interacting CMB photons, due to non-changing,
conserved wavelengths, is behaving with respect to cosmic scale variation different from conventional expectations, but
rather would turn out to behave just like the energy density of matter, namely according to S −3. Hence the photon part
of the energy momentum tensor would become different and associated solutions of FLRW-equations would undergo
corresponding modifications. In consequence, the CMB energy density as far as it enters the energy-momentum tensor
generated by freely propagating CMB photons during the expansion period of the universe after the recombination era
would no longer become negligible for the cosmic dynamics, since its value would stay in the same order of magnitude as
that of baryonic or dark matter.
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1 Introduction
In the following considerations we start from the basis both
of Einstein’s Special and General Theory of Relativity (STR
and GTR) where it is stated that for a photon moving with
the velocity of light c the so-called proper time increment
(time increment dτ0 in the photon proper system) vanishes,
i.e. dτ0 = 0 (see e.g. Rindler 1977; Tolman 1987; Misner et
al. 1973; Goenner 1996). If this statement needs to be taken
serious, then one seriously has to discuss the consequences
of it and the conclusions to be drawn there from. Obviously
it would mean that a photon moving along a geodetic tra-
jectory (i.e. along its light geodetic) from spacepoint A to
⋆ Corresponding author: hfahr@astro.uni-bonn.de
spacepoint B in its own reference system does not require
proper time to cover this passage. Of course this should be
true only in its individual reference system. In other words:
the photon starts at some worldtime tA in a spacepoint A
and arrives later at a spacepoint B at a worldtime tB, how-
ever, this all happens while in the individual proper frame
of this photon no time has lapsed, i.e. the light geodetic is
an isochronal line for the individual photon.
The question then arises: How can a photon, moving
freely in a cosmological spacetime, react to the change of
the dynamical spacetime geometry, if in its proper system
no time lapses? Should not its physical state be strictly pre-
served in case of no lapse of time? We presume that due
to the lack of proper time lapse the photon will simply not
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have the chance to react to dynamical spacetime geome-
try in the generally expected form, because without lapse
of time nothing, i.e. no change can happen in the photons‘
reference frame. The consequences of that presumption, if
confirmed as true, are enormous, meaning for instance that
a photon freely propagating in cosmological spacetime, i.e.
in a free falling system does not change its proper state, i.e.
its energy and spin and, when seen in the wave picture of the
photon, also its wavelength. In the photon frame no change
of the photon state should happen, neither due to a change
of an environmental gravitational potential, nor due to the
expansion of the universe, i.e. any change of the cosmolog-
ical metrics. The photon at free propagation simply would
preserve its physical state which it got at the moment of
its generation from an electromagnetic event, like emission
from a stellar surface or from the CMB horizon. The so-
called and generally believed cosmological redshift of its
wavelength in an expanding universe (Misner et al. 1973;
Berry 1990; Sexl & Urbantke 1987; Peacock 1999; Pecker
& Vigier 1987) would thus simply have to be caused by the
cosmic observer that measures the photon frequency with
its local world clock, comparable perhaps with the special
relativistic Doppler shift which results from the observer’s
relative motion with respect to the photon frame, i.e. the ef-
fect of the observer.
In the following sections of this paper we would like
to explain more in detail the physical arguments behind
the above idea. We then calculate the effects of the pro-
posed constant wavelength of freely propagating photons
(we call them ”free photons” in the rest of the paper) in
the cosmic era after recombination (z ≤ zr ≈ 1100). Finally
we discuss the implications that are connected with non-
redshifted photons entering the energy momentum tensor
Tik of Robertson-Walker universes and resulting cosmolog-
ical expansion solutions.
2 Theory of the cosmological redshift
2.1 Change of the beat of global worldtime
In a universe with Robertson-Walker metric the world line
element dl is given by (see Goenner 1996)
dl2 = c2dt2 − S 2(t)[ dr
1 − kr2 − r
2dΩ2]. (1)
As is well known from SRT, but valid also in GRT, for
the wordline of a photon, a so-called light-geodetic, one has
dl2 = c2dτ20 = 0 (2)
meaning that in the proper system of the photon the
proper time increment dτ0 vanishes, implying that while the
photon is propagating through space in its reference system
no proper time is running, i.e. the photon in its proper sys-
tem does not age, i.e. it consequently has to conserve its
properties. That obviously must mean that during the pas-
sage of such a photon through cosmic spacetime this photon
cannot and does not change its identity, though this photon
on its light geodetic reaches worldpoints of different world
ages. This implies that the photon does not change its phys-
ical signatures or characteristics like e.g. its energy or its
angular momentum, i.e. during its free flight along light
geodetics it conserves those properties with which it was
generated. This is because an object, as also a photon in the
quantum duality view seen as a particle, cannot change its
physical signatures under any physical action which does
not have a finite increment in time dτ0 to act.
2.2 Beat of the time in a static gravitational field
To give more credit to this view we would like to mention
the following aspect: The above argumentation is well fa-
miliar to SRT scientists, is standardly used to carry out time
synchronization at different places and can easily be com-
pared and controlled with the standard practice of synchro-
nizing times in a Schwarzschildian spacetime geometry.
We shall follow here the presentation given by Rindler
1977 and shall first pick up the most important idea pre-
sented there. Assuming that the gravitational field of the
central Schwarzschildian mass acts on a photon freely prop-
agating in the predetermined spacetime geometry then al-
lows to describe the photon propagation as happening in a
free falling, inertial system (photon in a free falling cabin).
As Rindler 1977 clearly and correctly states, in that free
falling cabin (inertial system = ff-system) no change in fre-
quency of the propagating photon occurs, i.e. the free falling
photon does not change its frequency in this system. The
question only is how this fact can be transfered into the non-
inertial system, i.e. into the fixed Scharzschildian coordinate
system. The argumentation then is that the free-falling sys-
tem (cabin) has first to be replaced by an equivalent iner-
tial system calculating the velocity du that the free fall over
a propagation distance dl induces due to the acting gravi-
tational acceleration g = dΦ/dr. Neglecting second order
corrections one finds that the equivalent velocity increase
is given by
du = (dl/c)g = (dl/c)(dΦ/dr). (3)
Transforming now from the equivalent inertial system
(ff-system) into the fixed Schwarzschildian system (ss-
system) needs the SRT frequency transformation from the
system moving with du into the system at rest,i.e. leading to
νss = ν
√
(1 + du/c)/(1 − du/c) ≃
ν
√
(1 + du/c)2 = ν(1 + du/c) (4)
or
νss − ν = ν(du/c) (5)
resulting in
dν/ν = (νss − ν)/ν = (du/c) (6)
leading with dν/ν = d ln ν and dl·g/c = −dr·gradΦ/c =
dΦ to the well known result that
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νss = ν · exp[
∫
(dl/c2)(dΦ/dr) =
ν · exp[− 1
c2
∫ Φ2
Φ1
dΦ] = ν · exp[−∆Φ1,2
c2
] (7)
That finally again expresses, also in the case of this
Scharzschildian spacetime metric, the remarkable fact that
a photon, - not while freely propagating over a region con-
nected by a potential difference∆Φ1,2 -, but only, when mea-
sured in the static Schwarzschild frame, reflects a frequency
shift of the above mentioned order.
This context is commonly interpreted as saying: hav-
ing two clocks at different positions r1 and r2 within a
Schwarzschild metric, one must expect a difference in the
beats of the time t1 and t2 at these different positions. Since
photons on spacepoint connecting geodetics are perfect
time-synchronizers in spacetime, they conserve the time
digits. If thus a photon transports time signatures connected
with its frequency ν1at r1 to the spacepoint r2, then these
time signatures arriving at r2 are registered there by the lo-
cal beat of the time, i.e. by
ν2 = ν1 exp[−
∆Φ1,2
c2
] (8)
This phenomenon does not mean that the photon
changes its frequency while passing along its light geode-
tic, rather the photon is emitted with its genuine frequency
ν1 and keeps it in the ff–system, but when registered at a
place r2 its frequency appears, as if it had locally changed
to the frequency ν2. This means the so-called Moesbauer ef-
fect does not prove the change of the photon frequency in
free geodetic flights, but the new evaluation of the original
frequency ν1 with a new local clock detuned with respect to
the one by which the photon originally was emitted.
This is both very interesting and very hard to under-
stand, since on one hand with dτ0 = 0 the identity of the
photon must be preserved, while nevertheless this photon
permanently reaches spacepoints where the worldtime has
changed t ≥ t0, i.e. the non-aging photon along its trajec-
tory meets spacepoints of a globally aging universe.
2.3 Photons in their own rest frame
Hence we want to ask now, why the well-founded and well-
believed phenomenon of a cosmological redshifting of a
freely propagating photon can occur at all, if on the other
hand the photon cannot change its physical state due to the
lack of any time lapse in its ff-system. For that we go back
to the line element of the freely propagating photon in a
given dynamic cosmic spacetime geometry within the frame
of the Friedmann-Lemaıˆtre-Robertson-Walker cosmology.
With dτ0 = dΩ = 0 we find from Eq. (1):
ξ(r) =
∫ r
r0
dr√
1 − kr2
= −c
∫ t
t0
dt
S (t) . (9)
Now it is generally assumed that a photon is an extended
wave, allowing to write the analogue of the above equation
not only for the beginning of the wavetrain (phase ”a”) , but
also for the end of the wavetrain (phase ”b”). Adopting then
that during the time δt0 = λ0/c at the place of the photon
emission the geometry of the universe has not changed, will
then permit to write the following equation for the propaga-
tion of phase ”b” of this photon
ξ(r) =
∫ r
r0
dr√
1 − kr2
= −c
∫ t+δt
t0+δt0
dt
S (t) (10)
and one obtains as the difference of these two equations
δt
S (t) =
δt0
S (t0) (11)
or
δt
δt0
=
λ
λ0
=
S (t)
S (t0) (12)
meaning that the wavelength of the photon during its
propagation has been changed according to the change in
the universal scale S (t) on its way (see e.g. Dodelson 2003;
Harrison 2000). How to understand this?
If one says that the photon is characterized by an wave-
length λ0 which it keeps during all its free propagation, then
it simply means the time increment δt0 = λ0/c is different
from that δt = λ/c, because the time propagation rate (the
beat of the time) has changed during the change in the world
time between time t0 and time t.
That can be interpreted as if the photon on its passage
through cosmic spacetime keeps its identity, i.e. its wave-
length λ0,but when it passes over a detector at some space-
point at worldtime t, then it needs a time
λ
c
=
λ0
c
S (t)
S (t0) . (13)
Assuming a constant velocity of light this can be inter-
preted as saying that the beat of the global worldtime has
changed between the events of emission and absorption of
the photon.
2.4 Alternative view: Redshift as accumulated
Doppler-Shift
An alternative way to explain the expansion related redshift
is to regard it as an accumulation of infinitesimal Doppler-
Shifts along the photon’s trajectory (Bunn & Hogg 2008;
Peacock 2008). The basic idea here is that the fractional
frequency shift δν/ν for a photon which travels a distance
d = cδt within a time increment δt is given by
δν/ν = δv/c = −(Hd)/c = −Hδt (14)
with H the Hubble parameter and v the recession ve-
locity of the photon emitting galaxy (v << c). Now, using
H = ˙S /S with S the scale parameter, we finally get
δν/ν = −δS/S , (15)
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the integration of which again leads to the well-known
redshift equation
λ = λ0S (t)/S (t0). (16)
It should be pointed out that a characteristic of the
Doppler-Shift is a non-changing frequency/wavelength dur-
ing the photon’s travel from the emitter to the observer, no
matter whether the relative velocity between emitter and ob-
server is constant or not. This means that also the cosmolog-
ical redshift - here seen as an accumulated Doppler-Shift -
is just an effect which occurs in the moment of observation.
During the travel of the photon its frequency/wavelength re-
mains unchanged.
2.5 The beat of the cosmic clock
Starting from the first of the two Friedman-Lemaıˆtre
Robertson Walker equations given in the form (see e.g.
Goenner, 1996)
(
˙R(t)
R(t)
)2
=
8πG
3 ρ(t) −
kc2
R2(t) +
Λc2
3 , (17)
where R and ˙R are the scale of the universe and its time
derivative, respectively, G is the gravitational constant, ρ(t)
denotes the cosmic matter density, k is the curvature param-
eter, and Λ denotes the cosmological parameter or the vac-
uum energy density, respectively. As one can easily show
(see e.g. Fahr & Heyl, 2007) in a homogeneous universe
with vanishing curvature (i.e. k = 0!) and vanishing cosmo-
logic parameter (i.e. Λ = 0!) one can formally, and in strict
analogy to classic mechanics, introduce a cosmic gravita-
tional potential Φcos which then is derived from this first of
the two F-L-R-W equations in the form:
Φcos(R) = 8πG3 ρR
2. (18)
Assuming that no dark energy has to be taken into ac-
count (i.e.Λ = 0!), and that only conservative forms of mat-
ter (i.e. massive particles with conserved total numbers; no
decay or creation of matter!) prevail, then the matter den-
sity ρ scales inversely proportional to the cosmic volume,
hence with R−3, and the above potential consequently can
be re-written in the form
Φcos(R) = 8πG3
M
R
, (19)
where M has been introduced as the total and constant
mass of the universe. The above expression then shows that
in an expanding universe the value of its local cosmic poten-
tial Φcos(R) permantly decreases, meaning that for R, t → ∞
it asymptotically approaches the value Φcos(R → ∞) = 0.
In comoving cosmological systems this situation can
be compared with that of clocks at different positions in a
stationary central gravitational field (see section 2.2). As
is well known the beat of the clocks at different positions
of a gravitational potential in this case is detuned (e.g. see
Rindler, 1977). Analogously based, however, on the above
cosmic potential, the local cosmic beat of the time should
be subject to the following time-tuning law
t = t0exp[−
Φ(R)
c2
]. (20)
From the above one derives the following relation be-
tween frequencies of CMB photons νrec near the recombi-
nation period, when the scale of the universe was R = Rrec ,
and the associated frequencies ν of such CMB photons reg-
istered by detectors at the present time:
ν − νrec
ν
=
∆Φeff
c2
= −8πG
c2
[ρrecR2rec − ρR2] =
−8πGM
c2
[ 1
Rrec
− 1
R
], (21)
where in the upper relation the potential energy mν∆Φeff
has been considered as small with respect to the photon en-
ergy itself mνc2. Neglecting the small terms in the brackets
on LHS and RHS, one then can find:
νrec
ν
=
8πGM
c2Rrec
. (22)
According to the above relation, the unchanged fre-
quency of the CMB photon from the recombination phase
would then, when registered today by a local clock (i.e.
spectrometer), appear with a frequency ν given by
ν = νrec
c2Rrec
8πGM . (23)
Adopting at the time of cosmic matter recombination
a Planck spectrum for the CMB photons, one would have
a spectral photon energy density at some frequency ν1,rec
in the Rayleigh-Jeans branch given by (e.g. see Goenner,
1996):
ε(ν1,rec) ∼
ν31,rec
[exp(hν1,rec/KTrec) − 1] ≃
ν31,rec
[hν1,rec/KTrec]
= (KTrec/h)ν21,rec. (24)
At present, expecting the standard cosmological be-
haviour of cosmological photon cooling, one as well would
assume to have:
ε(ν1,0) ∼
ν31,0
[exp(hν1,0/KT0) − 1] ≃
ν31,0
[hν1,0/KT0]
=
(KT0/h)ν21,0 = (KT0/h)ν21,rec(
c2Rrec
8πGM )
2. (25)
From the context derived before this then allows for an
identity of the results to require the following equivalence:
(KTrec/h)ν21,rec = (KT0/h)ν21,rec(
c2Rrec
8πGM )
2, (26)
or:
Trec = T0( c
2Rrec
8πGM )
2. (27)
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Inserting the expected value from standard cosmology:
Trec/T0 ≃ 103 = ( c
2Rrec
8πGM )
2 (28)
one then is lead to the following replace value:
Rrec
M
=
√
103 8πG
c2
= 95
H20
c2ρc
, (29)
or the result:
1
800 =
GM
c2Rrec
. (30)
The findings in section 2 are the basis for the considera-
tions presented in the next section.
3 Energy density of photons after the
recombination era
According to the standard model of cosmology the spec-
tral character of LTE- photons created during the phase of
recombination just before the last photon scattering, say
at zr ≈ 1100 under conventional CMB assumptions, can
be described by a Planck distribution with a temperature
Tr ≈ 3000 K. Due to the expansion of the universe the wave-
lengths of the free CMB photons are usually assumed to in-
crease and only because of that the spectrum stays Planck-
ian, since then the Planck temperature of the CMB photons
decreases according to T (z) = (1 + z) · T0 (see e.g. Fahr
& Zoennchen 2009; Fahr & Sokaliwska 2015). This cool-
ing is expected to explain the present-day CMB temperature
T (z = 0) = T0 ≈ 2.7 K. For a Planck spectrum the energy
density ǫγ of the CMB photons and the associated photon
number density nγ are given by the well known equations
(see Sciama 1971; Peebles 1993):
ǫγ =
4σSB
c
T 4 ≈ 0, 00472 eV T
4
cm3
, (31)
with σSB denoting the Stefan-Boltzmann constant and
T given in K, and
nγ =
∫ ∞
0
εγ(λ)λdλ
hc ≈ 20, 28
T 3
cm3
, (32)
with h the Planck constant and again T given in K.
In this cosmological ”standard view” we can then for a
present-day CMB temperature of T0 = 2, 7 K expect an en-
ergy density ǫγ,0 of roughly
ǫγ,0 ≈ 0, 00472 eV
T 40
cm3
≈ 0.26 eV/cm3 (33)
and a photon number density nγ,0
nγ,0 ≈ 20, 28
T 30
cm3
≈ 400/cm3. (34)
We now want to apply our new idea of a constant wave-
length of each CMB photon at world times after the recom-
bination era. Since the energy of single CMB photons does
not change under the above assumption of a constant wave-
length, the number density of the CMB photons changes as
function of the inverse volume increase due to the expan-
sion, i.e the ratio (S r/S 0)3 with S r = S (tr) being the scale
parameter at worldtime tr at the end of the recombination
era and S 0 its reference value at the worldtime t0, i.e. today.
Thus, the present photon number density would then again
be as in Eq. (34):
nλ=const.γ,0 = 20, 28
T 3r
cm3
( S r
S 0
)3 ≈ 400/cm3. (35)
Here Tr is the temperature at the end of the recombina-
tion era (Tr = (1 + zr)T0). The present photon number den-
sity would be in fact the same, since it is now the increase
of the scale parameter by a factor S 0/S r = (1 + zr) ≈ 1100
that reduces the number density to the same value that fur-
ther above we had derived for the case of a conventionally
decreasing CMB radiation temperature.
In contrast to that, under the new auspices of a con-
stant wavelength the present-day cosmological photon en-
ergy density would, however, not be identical with the value
given in Eq. (33), but for energy-conserving CMB photon
propagation now would be higher by a factor (1 + zr) be-
cause the photons have not lost energy during the expansion.
Their energy density thus is the one valid at the recombi-
nation era, reduced by the reciprocal of the volume factor.
With the assumption of a constant wavelength the present
photon energy density at S = S 0 can therefore be written
as:
ǫλ=const.γ,0 =
4σSB
c
T 4r (
S r
S 0
)3. (36)
Instead of Eq. (33) we then finally obtain:
ǫλ=const.γ,0 ≈ (1 + zr)0, 26 eV/cm3 ≈
286 eV/cm3 ≈ 286 MeV/m3. (37)
At this point of the paper we like to strictly point out and
strongly emphasize the following 2 points:
1. The above considerations, namely the scale behavior
∝ S −3 and the related results in the Eqs. (35) and (36),
are valid only for freely propagating CMB photons.
Then - instead of S −4 - the S −3-scaling of the photon en-
ergy density must be used for the free CMB photons to
calculate the cosmic dynamics in the frame of the Fried-
mann equations (FLRW cosmology).
2. As soon as these CMB photons interact, e.g. with an ob-
server, the detected wavelength will reflect the cosmo-
logical wavelength shift and show the well-known S −4-
scaling of the photon energy density due to the reasons
explained in Section 2. Thus, an observer at the present
time will always see a Planckian CMB spectrum with a
temperature of ≈ 2.7 K!
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Now it is extremely interesting to recognize that in com-
parison to the energy density given in Eq. (37) the en-
ergy density of visible, baryonic matter in the universe is
about ρ0,B ≈ 0, 3 mprotonc2/m3 ≈ 282 MeV/m3. Interest-
ingly enough, both energy density values are nearly iden-
tical. In other words: the energy density of free CMB pho-
tons shows the same drop-off with scale as the energy den-
sity of the baryonic matter even in the present universe. One
hence can conclude that on the basis of assumptions made
in this paper one would come to the conclusion, that the
energy density of free CMB photons at present is not neg-
ligible compared to the matter density but comparable in
numbers, and this is valid not only for the cosmic epoch
now, but should stay valid for the cosmological evolution
into the past.
4 Discussion and Conclusion
We have based our investigations on the idea of a constant
wavelength of freely propagating photons, i.e. photons that,
while propagating through the universe, do not interact nei-
ther with each other nor with material particles like protons
or electrons. The concept of zero-lapse of proper time for
photons in both, STR and GTR, must lead in consequence
to unaffected physical characteristics of photons propagat-
ing along light geodetics. This means that the wavelength
does not continously change during the free flight but re-
mains constant. During this phase of free propagation the
photon energy density simply scales according to S −3 (i.e.
a pure volume effect) which is then the relevant depen-
dence to be taken serious for the input into the energy-
momentum source tensor Tik entering the calculation of the
cosmic scale dynamics with Robertson-Walker-Friedmann-
Lemaıˆtre equations. With other words: the energy density
of freely propagating cosmic photons (no matter if CMB or
galactic photons) is changing like the photon number den-
sity of these photons according to S −3, since the energy of
each individual photon does not change with the expansion.
What happens is, that the clock of the observer is cosmo-
logically detuned with respect to that of the emitter, i.e.
photons communicating between emitter and observer are
differently qualified at their origin and at their absorber (ob-
server). As soon as an observer interacts with the photons,
i.e. analyzes the wavelength or measures the frequency of
them, they appear, as if their energy density had followed
the conventionally believed S −4 law, because these interac-
tions occur at another worldtime compared to that of their
origin. In consequence one must realize that the observed
photon energy density (∝ S −4) differs from the energy den-
sity of free photons the latter of which, however, is relevant
for the cosmic dynamics (∝ S −3).
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